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Polycyclic Aromatic Hydrocarbons (PAHs) are environmental pollutants that
have received considerable attention because of their carcinogenic and mutagenic effects.
Due to the extensive amount of data suggesting the hazards of these compounds, 16
PAHs are on the Environmental Protection Agency (EPA) Priority Pollutant List. These
compounds are often emitted into the atmosphere by way of combustion processes.
Thus, analysis of these compounds during coal combustion is an important task.
Three 1000-hour coal combustion burns were performed using the 0.1 MW (0.3
m) bench-scale Fluidized Bed Combustor (FBC) in the Combustion Laboratory at
Western Kentucky University. The data for this thesis were collected from the second
and third 1000-hour experiments. An in-situ sampling system was designed for 16 PAHs
specified by EPA, which consisted of a glass wool filter, condenser, glass fiber filter,
Teflon filter, and Tenax. The filters and Tenax were extracted by methylene chloride and
hexane, respectively, followed by GC/MS analysis using the Selective Ion Monitoring
(SIM) mode. The detection limits for each of the sixteen PAHs are as low as lppb.

IX

In this study, the effects of combustion temperature, combustion bed height,
fluidizing velocity, excess air ratio, and the ratio of secondary air to primary air (air
staging combustion) on the emissions of PAHs were studied. The results indicated that
the emissions of PAHs in an FBC system were dependent on the combustion conditions.
PAHs are mainly produced by incomplete combustion. Incomplete combustion results in
larger PAHs with four or more benzene rings. High efficiency combustion results in
smaller PAHs with two or three benzene rings.

X

CHAPTER I
INTRODUCTION

A. Background
Manmade sources of pollutants can be classified as transportation, industrial
processes and solid waste disposal. The principal emissions from stationary combustion
processes are particulate pollutants, such as fly ash and smoke, as well as sulfur, carbon
and nitrogen oxides.

Sulfur oxide emissions are a function of the amount of sulfur

present in the fuel. Nitrogen oxides are formed by the thermal fixation of atmospheric
nitrogen in high temperature processes and as a function of the percent nitrogen in the
fuel used.

The amount of carbon monoxide emitted relates to the efficiency of the

combustion operation.1 Although it is important to know and control the total CO x , SOx
and NO x emissions, because of their larger values in comparison to other pollutants, there
is a growing concern about the volatile organic compounds, VOC, or semi-volatile
organic compounds, SVOC, generated in coal combustion. From these compounds, the
polycyclic aromatic hydrocarbons (PAHs) have generated considerable interest because
of their hazardous effects. The major sources of PAHs formation and emissions are from
the incomplete combustion of fossil fuels, and as a consequence of the pyrolytic process
prior to the combustion. Concerning the emissions of PAHs, several of these compounds
are known carcinogens and/or mutagens

that are hazardous to human health.

These

environmental concerns have motivated regulatory agencies around the world, such as the

1
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US Environmental Protection Agency (EPA), to pass legislative restrictions over the
release of PAHs into our environment. This health concern is one of the main reasons
why a more detailed study of PAHs emissions from coal combustion is needed.
Fluidized

Bed

Combustion

(FBC)

technology

possesses

a

number

of

environmental and operational advantages over conventional combustion systems, with
the former becoming increasingly attractive as stricter limits are imposed on the
concentration of gaseous pollutants (primarily, NO x and SO2) in the flue gases of coal
combustion facilities.

This technology allows the burning of low rank coals and

optimizes the sulfur capture by adding calcium sorbents. During combustion in FBC
systems of coals with high ash and moderate sulfur contents, the calcium compounds
present in the coal mineral matter can also play an important role in sulfur capture.
In an FBC combustor, a bed of combustible and noncombustible materials is
fluidized using air blown upward. Using dolomite or limestone as the noncombustible
material, it is possible to have fuel combustion and flue gas desulfurization taking place
simultaneously in the same combustion vessel.

The height of the bed materials

suspended above the bottom of the combustor is a function of the fluidizing velocity of
the combustion air entering below the bed. In general FBC designs coal and limestone
are continually fed into the combustor, and bed ash is withdrawn at the rate required to
maintain the proper amount of bed material for economic operation.
The amount of coal fed into the bed is approximately 2 to 3% of the total weight
of the bed material. The fluidization of the bed and the relatively small amount of coal
present in the bed at any one time causes good heat transfer throughout the bed material.
The temperatures usually encountered in FBC units are 800-950°C. Moreover, because
of lower combustion temperatures, smaller concentrations of NO x are emitted in the flue
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gases than during combustion in other units, such as PC boiler.3 FBC systems are used
throughout the world; thus, it is necessary to study the PAHs emissions from an FBC
combustor during coal combustion.
By definition PAHs are hydrocarbons made up of several carbon rings, normally
two- to six-membered benzene rings.
,

PAHs may also be referred to as polynuclear

2

aromatic hydrocarbons (PNA).

There are three possible isomers of PAHs consisting of

only three rings. When this number increases to 6 rings, 82 isomers are possible. Rather
than studying all PAHs in emissions from combustion, the US EPA has specified 16
PAHs compounds (Figure 1) as priority pollutants;4 therefore, many studies such as the
present one concentrate on emissions of these 16 compounds.
B. Mechanisms of PAHs Formation during Coal Combustion
Theoretically, organic compounds may be formed and/or released during the
inefficient combustion of any fuel containing carbon. There are many organic materials
which have chemical structures that are able to form PAHs under two processes,
including pyrolysis5 and combustion.6

The major sources of PAHs formation and

emissions are from the incomplete combustion of fossil fuels, and as a consequence of
the pyrolytic processes preceeding combustion.7

Coal structures undergo chemical and

physical changes when heated and a fraction of the organics is released; these fractions
undergo cyclization reactions leading to polycyclic organic compounds that can exist in
the gas and in the solid phase, depending upon the environmental temperature and their
o

molecular volume.
Synthesis mechanisms for PAHs from C2 species to benzo[a]pyrene have been
suggested by some studies,9'10 but very similar pathways can and may lead to the most of

Naphthalene

Phenanthrene

Benzo[g,h,i]perylene

Acenaphthylene

Acenaphthene

Anthracene
Fluoranthene

Indeno[l,2,3-cd]pyrene

Dibenzfa.hl anthracene

Figure 1. The structures of the sixteen PAH specified by US EPA.

Fluorene

Pyrene

Benzo[a]pyrene
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the PAHs produced in coal combustion. It has been shown that11 atmospheric PAHs are
present in the vapor phase as well as adsorbed onto particulate matter. They can exist in
the gas phase (<6-ring PAHs), in the solid phase (>6-ring PAHs) or in both phases (4and 5-ring PAHs) in air depending on their molecular mass.
Efficient pyrolysis and combustion of coal should result in the breakdown of large
organic compounds to smaller hydrocarbons and eventually to products such as carbon
dioxide gas at oxidation condition. However, such complete degradation of coal rarely
occurs and fairly large organic compounds including PAHs can be released from the
combustion sources.
There are three basic possible mechanisms whereby PAHs may be emitted from
coal (or other fuel) combustion according to many studies.12"14
mechanisms are likely to occur.

All the formation

The importance of each mechanism will vary with

combustion conditions and fuel type.
Mechanism 1: Breakdown Reaction
In an inefficient coal combustion system the large coal aromatic matrix, which is
like an interconnected PAHs, breaks down and may release single multiple benzene ring
compounds (PAHs) that were originally present as part of the complex coal matrix.12
Mechanism 2: Condensation Reaction
These reactions may occur under pyrolytic conditions. Addition of small ring
systems, either from small precursors present in the original coal or from pyrolysis
products, may occur, as shown in Figure 2.

Although combustion results in the

breakdown of the large aromatic structures of coal, these structures may reform in the
combustion zone or elsewhere in the combustion system to form PAHs.13

6

\

/
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Mechanism 3: Cvclization Reaction
Cyclization of carbon chains and subsequent ring addition may result in the
production of PAHs from small precursor molecules (Figure 2).

The studies of the

combustion of low molecular weight organic compounds such as acetylene and toluene
show that single and multiple ring aromatic compounds may be formed by addition of
alkyl radicals and ring closure or by direct cyclization.14 It has even been shown that
PAHs can be produced from methane under the right conditions, although the formation
of larger PAHs molecules is favored by the presence of larger precursor molecules.15
So, the formation of PAHs during coal combustion undergoes a complex
pathway. Its formation depends on many variables such as temperature, oxygen ratio,
carbon-to-hydrogen ratio of the fuel, and so forth. Thus, the sampling and measurement
of PAHs in emissions and in the atmosphere is hindered by many problems.16 Emissions
from combustion sources contain complex PAHs mixtures which may require separation
before analysis.

C.

In-Situ Sampling System
PAHs undergo a series of reactions during combustion such as breakdown

reactions, cyclization reactions and oxidation reactions.

At 800-950°C, during FBC

combustion, destruction and chemical alteration of PAHs are possible in the presence of
oxidants such as HO*, 0 3 , N0 2 , N 2 0 5 , and HN0 3 . 17

On the other hand, the

concentrations of PAHs that exist in the flue gas during coal combustion in an FBC
system are low, and the boiling points of PAHs are relatively higher, which can cause
PAHs to condense wherever the temperature is lower.

So, the identification and

quantification of PAHs are complex, time-consuming, and often inaccurate. However,
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PAHs adsorbed to particles are much more resistant to reactions.5 Therefore, there is a
need for an in-situ, fast, and efficient sampling method in which the above-mentioned
processes are minimized.
The most common sampling method for PAHs uses either filters or adsorbents or
a combination of both.

Several studies have reported the examination of different

sampling methods for the analysis of PAHs.18"20 Glass fiber filters are often used since
they allow high flow rate.20 But collection of PAHs samples on filters alone is not
accurate because even many low-volatility PAHs also experience significant volatility
losses during long collection time on filters.

The adsorption of individual PAHs

compounds by filters and adsorbents varies greatly.21

For example, 100% of the

benzo[ghi]perylene detected was retained by the filter and none with the adsorbents.
Only around 20% of the pyrene and fluoranthene was caught by the filters, the rest was
associated with the adsorbents. Compounds such as naphthalene and phenanthrene were
almost entirely associated with the adsorbents.21

Other sampling media include

adsorbents such as polyurethane foam, and chromosorb polymers.18'20 To obtain a good
result, a combination of the sampling materials for the in-situ sampling line for PAHs
should be used.

D. Analysis Methods
1. Extraction and Preconcentration
Solvent extraction with organic liquids is normally employed to get the PAHs
back into solution before analysis. Other extraction techniques were also used such as
ultrasonic and manual shaking. Soxhlet extraction may cause loss of thermally labile
compounds.

Ultrasonication could break the bonds of larger PAHs and/or cause

9

reactions between PAHs and other more labile compounds during sonication process.
Manual shaking extraction can get almost the same results, but with less efficiency.22
Because the concentrations of PAHs in flue gas of FBC systems are usually very
low, even below jJ-g/m3 level, very sensitive and selective analysis methods are needed.
To achieve the required sensitivity level, preconcentration of the sample is necessary
before analysis by conventional instrumental methods. The Kuderna-Danish concentrator
and solvent evaporation method under vacuum are often used.22
2. Analysis Methods
Because the extract samples usually are PAHs mixtures, a separation method
coupled with a detection method is often selected. Optimized PAHs analyses were done
using gas chromatography (GC) and gas chromatography

coupled with mass

23 24

spectrometry (GC/MS). '

The advantages of these analysis methods are high

selectivity and high sensitivity. But the GC approach to molecular information is often
hampered by lack of volatility and is generally limited to aromatic systems of five or six
condensed rings with molecular weight up to about 300.

For samples with average

molecular weights over 300, the molecular information available through GC/MS is
limited. To improve this situation liquid chromatography (LC) has been investigated in
conjunction with mass spectrometry (MS) for the analysis of PAHs.26,27 Compared with
GC/MS, LC/MS has given significant chemical information on a wide range of aromatic
compounds.

Both GC/MS and LC/MS methods can do the identification and

quantification of PAHs at the same time.
Zhan and co-authors analyzed PAHs using two-step laser mass spectrometry
(L2MS).28 This method allows
sensitive analyses to be carried out within minutes, and
samples can be introduced into the instrument directly without pretreatment or
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processing.

It is possible to directly analyze minute quantities of PAHs in complex

matrices without the need for prior sample extraction, purification, separation, or
preconcentration steps. Parts-per-million to parts-per-billion detection limits are reached
for PAHs. So, L2MS may have great potential for rapid surveying of PAHs in complex
matrices.
Many investigations have examined the vibrational spectra of the neutral and
ionic PAHs isolated in rare gas matrices.29"31 In principle, it is possible to distinguish
among the different types of PAHs on the basis of their mid-IR spectra. Yet the task is
not a trivial one because the PAHs exhibit very similar spectra in the mid-IR, the region
that contains most of the normal vibrational modes. Langhoff pointed out that the far-IR
region, which contains the vibrational frequencies associated with the bending of the
32

aromatic rings, may provide a way to discriminate among the different molecules.

Each

PAHs molecule has a relatively simple and characteristic spectrum in the far-IR region
below 400 cm"1. The far-IR bands provide a unique fingerprint for each type of PAHs.
Therefore, the far-IR spectra of PAHs, though relatively weak, may provide a region
where the different members of the PAHs family can be uniquely identified. But it may
be difficult to do quantification measurement.

E. The Purpose of This Study
In this work, the PAHs emissions from an FBC coal combustion system at the
Combustion Laboratory at Western Kentucky University were determined by the trapping
method coupled with GC/MS analysis. Five main combustion variables were tested, the
combustion temperature, combustion bed height, fluidizing velocity, excess air ratio,
secondary/primary air ratio (air staging combustion).

The aim of this work was to
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evaluate a useful sampling and measuring procedure and to study how these five
combustion variables affect the emissions of PAHs and the distribution of PAHs in the
sampling materials during coal combustion.

CHAPTER II
EXPERIMENTAL

A. Materials
1.

Sampling Materials and Reagents

Tenax TA, an adsorbent resin for trapping high boiling compounds, is 60 mesh
(250|j,m) (Cat. No. 1-1982) from SUPELCO Inc. The glass fiber filter (37 mm, 1.0 ^m,
Cat. No. G40WP03705) and the Teflon filter (W/Ring, 37 mm, 2.0 |_im, PTFE membrane,
Cat. No. R2PJ037) were from Gelman Sciences.
4336) were also from Gelman Sciences.

Air monitoring cassettes (Cat. No.

Hexane (Cat. No. 41470-0) and methylene

chloride (Cat. No. 41475-1), both were capillary GC grade, were purchased from Aldrich.
PAHs calibration standard for EPA 610 method (Cat. No. 4 - 8743) and internal standard
of naphthalene - d8 in methylene chloride (Cat. No. 48715-U) were purchased from
SUPELCO Inc.
2. Coals and Limestone
One blend coal (WKU# 981001), one single coal (WKU# 981101) and Kentucky
limestone were used in this study (1000-hour run for each coal). The characteristics of
these materials are shown in Table 1.

The size of coals and limestone used in the

combustion runs were below 4 mesh.
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Table 1. Proximate and Ultimate Analyses Values for the Coals and Limestone Used in
the Study.
KY Limestone

Coal (981001)

Coal (981101)

Moisture

10.63

10.25

Ash

10.10

9.67

56.9

Volatile Matter

34.03

34.84

n/a

Fixed Carbon

55.87

55.49

n/a

Ash

10.10

9.67

56.9

Carbon

75.59

74.18

9.06

Hydrogen

4.52

4.73

0.00

Nitrogen

1.51

1.59

0.00

Sulfur

1.09

1.68

0.00

Oxygen

6.73

7.72

34.04

4,720

4,199

n/a

13,017

13,226

n/a

Proximate Analvsis (%)
0.06

Ultimate Analvsis (%)

Miscellaneous Analysis
Chlorine (ppm)
Calorific Value (BTU/lb)

* Moisture is as-received, all other values are reported on a dry basis. Unless otherwise
noted, all values are given in percent by weight.
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B. Combustion Runs
The experiments were carried out with a bench scale fluidized bed combustor
(Figure 3), which has a 0.3 meter I.D. and 4.4 meter effective height. The dense zone
refers to the combustion bed zone where the fuel was added and fluidized. The region
between the combustion bed and the top of combustor is called freeboard zone. The
freeboard zone of the combustor is 2.5 meter high, providing adequate residence time for
the combustion of fine particles which may be entrained in the flue gas from the dense
zone. The fuel (coal) is fed into the combustor with an under-bed auger under positive
pressure.

The primary air is injected into the combustor from the bottom of the

combustor and the secondary air into the combustor in the freeboard zone one meter
above the bed. The direction of the secondary air is tangent to the inner surface of the
combustor. The bed temperature is controlled by six active heat exchange tubes. The
principal components of the fluidized bed combustor are the fuel bunkers, combustor,
heat exchangers, wet scrubber, air supplying system, and stack. Weilan Pan has given a
detailed description of the WKU's FBC combustor.33

Three 1000-hour burns were

recently performed using this FBC system. The data used in this study were collected
from the second and third 1000-hour continuous runs.

C. Sampling System
Evolved gases from the combustor, such as CO2, CO, NOx, SOx, were analyzed
by gas chromatography and multi-gas analyzers. To determine if any PAHs were formed
during the combustion reactions, three samples including flue gas phase and solid phase
(fly ash and bed ash) samples were obtained for each run condition.

The sampling

system for both gases and solid samples was shown in Figure 3. There are six sampling
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Figure 3. Schematic diagram of the WKU FBC combustor and the sampling system
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ports along the combustor. The PAHs in the flue gas were collected using No. 2 port
which was located at 0.6 meter from the top of the combustor. To obtain good results of
PAHs in the flue gas, the first goal was to establish the sampling system to trap PAHs.
The following options were considered.
1. Materials
The materials with which sampling systems are manufactured must match several
criteria. They must be strong enough to ensure that no breakage occurs in the vacuum
during sampling. The adsorbents and filters must have enough capacity for trapping PAHs
in the flue gas in the period of sampling. Sampling materials must also be inert so as not to
promote chemical reactions.
2. Cleaning
The cleaning of all materials used for sampling is of primary importance to ensure
that background contamination is as low as possible. With complex sampling trains, the line
should use pre-cleaned Teflon tubing, glassware and holders of sampling materials. The
Tenax and filters must be kept at 150°C for one hour to remove any contamination of
organics. All materials must be taken to the site clean and ready to use.
3. Blockage checks
Blockage of the sampling line by fly ash can be one of the major problems for a
sampling system. The flow meter was checked every hour. There may be blockage in the
sampling line if the flow rate is down.
4. Temperature
Temperature control in the sampling system must be monitored and controlled
carefully. The glass wool filter must be kept higher than 250°C to avoid any loss of high
boiling PAHs while removing fly ash. After considering these options and performing
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several sampling tests in the first 1000-hour combustion run, the sampling system was
optimized.
The detailed diagram of the sampling system is shown in Figure 4. This system
consists of four parts:
•

A glass wool filter to remove the fly ash particles in the flue gas.

•

A condenser to remove the water in the flue gas to avoid any water absorption
by Tenax.

•

A trapping device containing a Teflon filter (2.0 jam, 37 mm diameter),
Tenax, and glass fiber filter (1.0 jj.m, 37 mm diameter).

•

A water pump to draw the flue gas through the sampling system.

When a new combustion condition was set up, the combustion process was not
stable at the beginning. So, The sampling operation was started after 4 hours of running a
new condition. The sampling time for each PAHs sample was around 24 hours of steadystate operation with 2.5 L/min flow rate of the flue gas.

In order to avoid any

condensation of PAHs with high boiling points, the temperature of the glass wool filter
was kept at about 300EC using insulation material. The PAHs samples collected by
filters and Tenax were kept in the refrigerator at 4°C and protected from sunlight until
extraction with methylene chloride and hexane, to eliminate photodegradation reactions.

D. Extraction
Hexane was chosen as the extraction solvent for Tenax while methylene chloride
was used for the filters and condenser, since methylene chloride reacts with Tenax during
the extraction process.

The condenser and condensed water were washed using

methylene chloride immediately after the collection operations and the solution was kept

Inlet

Glass wool
filter

T

Water

F i g u r e 4.

S c h e m a t i c d i a g r a m of t h e P A H s a m p l i n g s y s t e m
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in the refrigerator at 4°C. The Teflon filter and glass fiber filter were extracted together.
All the extractions of filters and Tenax were achieved by means of continuous extraction
with a Soxtec System HT2 - 1045 Extraction Unit (Tecator Inc.) for six hours for each
sample.

The temperatures of the extraction were 110°C for methylene chloride and

130°C for hexane. Then, the extracts were concentrated to below 1 mL using KudernaDanish concentrator before GC/MS analysis and the volumes of the extracts were
measured using graduated vial.

E. Analvsis Method
The analysis was performed with a Shimadzu QP-5000 GC/MS system with a
NIST/EPA/NIH 62,000 compound database. A 201 sample was injected using the split
mode (split ratio = 10:1) onto a Rtx-5 fused silica capillary column (60 m H 0.32 mm and
a stationary phase thickness of 1.0 Om). The carrier gas was helium with a head pressure
of 80 psi absolute. The surrounding temperature for the injector, interface and detector
was 275EC. The mass spectrometer was operated in two modes. One was the scan mode
for determining the retention time of each of the sixteen PAHs; the other was selected ion
monitoring (SIM) mode for the analysis of the samples of PAHs. These two modes had
the same temperature program (Table 2) and carrier gas pressure program (Table 3) so as
to insure identical retention times for each PAHs. The mass range of the scan mode was
35 - 400 amu. The ions selected for each PAHs in the GC/MS method are the molecular
ions of each PAHs and relatively stronger ions in the MS spectrum. The SIM parameters
are shown in Table 4.
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Table 2. GC Temperature Program for PAHs Analysis.
Rate (°C/min)

Temp. (°C)

Time (min)

100

LOO

10.00

200

0.00

5.00

250

3.00

5.00

300

26.00

Table 3. GC Pressure Program for PAH Analysis.
Rate (kPa/min)

Press (kPa)

Time (min)

106.50

L00

2.90

135.90

0.20

1.20

147.50

3.00

1.00

157.30

26.20

Table 4. The Parameters for the GC/MS SIM Mode for PAHs Analysis.
Compound Name

m/z

Ion Set

No.

R.T. (min)

1

12.480

Naphthalene

128, 102

1

2

17.467

Acenaphthene

152,153,76

1

3

18.092

Acenaphthene

153,154,155,76

2

4

19.982

Fluorene

166.165.139,83

3

5

24.445

Phenanthrene

178.89.76.152

4

6

24.683

Anthracene

178.89.76

5

7

31.138

Fluoranthene

202.101.100,88

6

8

32.477

Pyrene

202,101,100,88

7

9

40.170

B enzo [b] fluoranthene

228,229,114,101

8

10

40.542

Chrysene

228.229.113,101

9

11

51.483

Benzo [b]fluoranthene

252,253,126,125

10

12

51.761

B enzo [k] fluoranthene

252,250,125,111

11

13

52.809

Benzo[a]pyrene

252,253,228,149

12

14

54.277

Indeno [ 1,2,3 -cdjpyrene

276,277,138,137

13

15

54.846

Dibenz[a,h]anthracene

278,279,250,139

14

16

56.089

Benzo[g,h,I]perylene

276,277,138,137

15
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The identification of compounds was accomplished by comparing the retention
time of the samples to the retention time of PAHs standards run under the same
conditions and the corresponding mass spectra. For identifying an individual PAHs in a
sample, the difference in the GC retention times between the samples and standards was
considered less than 0.1 second.
The quantitative analysis was carried out using the calibration data (Table 5) of
the PAHs standards which contains the sixteen PAHs specified by EPA. The detection
limits for these sixteen PAHs using the GC/MS SIM mode are 1-10 ppb, depending on
the boiling point of the individual PAHs.
The unit used for the PAHs concentrations in the extracts using the GC/MS
technique is ng/mL.

Then the unit is converted to ng/Btu which is based on the

concentration in the flue gas during coal combustion. Thus, the concentration of each
PAHs is not dependent on the amount of coal used. The calculation formula is
3.05 x 105 A C V
W=
(760-25.4 P) R t W Q
Where:

W = ng/Btu
A = Air amount injected into combustor (lb/min)
C = Concentration of PAH in extract solution (ng/mL)
V = Volume of extract solution (mL)
R = Flow rate of flue gas through the trap (mL/min)
t = Total sampling time (hour)
W = Coal feeding amount (lb/min)
Q = Calorific value of coal (BTU/lb)
P = Local pressure at flow meter
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Table 5. The Calibration Data for the Sixteen PAHs Specified by EPA.
Peak Area
Compound Name

10 (ng/mL)

50 (ng/mL)

100 (ng/mL)

200 (ng/mL)

Naphthalene

5028

21994

46227

83208

Acenaphthene

4709

28416

58742

125751

Acenaphthene

5871

23008

52109

120967

Fluorene

8304

42012

83640

196402

Phenanthrene

9820

43362

84098

182693

Anthracene

5912

26380

56727

121354

Fluoranthene

4603

24963

47394

89951

Pyrene

4759

22657

44297

90453

B enzo [b] fluoranthene

2017

11531

25143

52649

Chrysene

3203

13752

22905

47268

B enzo [b] fluoranthene

1518

7085

15182

33670

B enzo [k] fluoranthene

4319

19226

35479

74993

Benzo[a]pyrene

4012

15327

33046

67226

Indeno [ 1,2,3 -cd]pyrene

1739

9631

21807

36859

Dibenz[a,h]anthracene

1823

10476

19865

39072

Benzo[g,h,I]perylene

1518

8749

16751

31199

CHAPTER III
RESULTS AND DISCUSSION

A. GC/MS Analvsis of PAHs
The chromatogram of the GC/MS analysis of the sixteen PAHs (Figure 1) is
shown in Figure 5. All 16 PAHs were identified when analyzed using the GC/MS scan
mode. The method file is called PAH.MET.

The chromatogram shows good separation

and the GC peaks were identified through their respective mass spectrum acquired by the
data system using NIST Library search. The similarities for the 16 PAHs peaks were
over 85%. From this chromatogram, the retention time and mass spectrum of each of the
16 PAHs were obtained.

This information was used to make the PAHSIM.MET for

analyzing flue gas and ash samples. Table 6 summarizes some of the parameters of the
16 PAHs. The data in the following sections were obtained from the second 1000-hour
run and the third 1000-hour runs, briefly called the second run and the third run.

B. The PAHs Analysis Results from Each Part of the Sampling System
The glass wool filter, condenser, Teflon and glass fiber filters, and Tenax were
extracted separately. None of the 16 PAHs was found in the glass wool filter, possibly
due to the high temperature (300°C) kept for the filter. The results of the second run and
the third run, which used the same sampling line, show the same trend. Table 7 shows
results obtained from the second run. The combustion conditions for the test were
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Table 6. Parameters for the 16 PAHs Used in this Study.
No.

R.T (min)

Compound Name

Selected Ions

1

12.480

Naphthalene

2

17.467

3

B.p. (°C)

H f (Kcal/mol)

128*. 102

218

40.58

Acenaphthylene

152.153.76

280

80.74

18.092

Acenaphthene

153.154.155.76

279

42.59

4

19.982

Fluorene

166.165.139.83

298

54.36

5

24.445

Phenanthrene

178.89.76.152

340

57.44

6

24.683

Anthracene

178.89.76

na

62.92

7

31.138

Fluoranthene

202.101.100.88

384

87.92

8

32.477

Pyrene

202.101.100.88

na

67.34

9

40.170

Benzo[a]anthracene

228.229.114.101

438

99.46

10

40.542

Chrysene

228.229.113.101

448

88.85

11

51.483

B enzo [b] fluoranthene

252,253,126,125

na

103.24

12

51.761

B enzo [k] fluoranthene

252.250.125,111

na

105.07

13

52.692

Benzo[a]pyrene

252.253.228.149

495

87.51

14

54.277

Indeno [ 1,2,3 -cdjpyrene 276.277.138.137

na

116.34

15

54.846

Dibenz[a,h]anthracene

278.279.250.139

524

101.49

16

56.089

Benzo[g,h,i]perylene

276,277,138,137

>500

91.31

* The underlined ion is the base (or molecular) ion of each PAHs.
Hf - the heat of formation
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temperature-790°C; static bed height-700 mm; fluidizing velocity-1.26 m/s; and excess
air ratio-1.54.

Table 7. The PAHs Analysis Results for the Sampling System from the Second Run.
PAHs
Naphthalene

Filters (ng/Btu)

Tenax (ng/Btu)

0.0030

0.0160

Acenaphtylene

0.0016

Fluorene

0.0010

Phenanthrene

0.0010

Condenser (ng/Btu)

0.0009

Anthracene

0.0038

0.0068

0.0012

Fluoranthene

0.0042

0.0024

0.0010

0.0164

0.0011

0.0274

0.0400

Pyrene
B enzo [a] fluoranthene
Chrysene
Dibenz[a,h] anthracene
Total

0.0031
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From Table 7, one can clearly see that the amount of PAHs existing in flue gas
during coal combustion was very small and almost all the PAHs were collected by the
filters and Tenax.
condenser.

Only a very small amount (~ 5%) of PAHs condensed in the

This may be mainly because the sampling system is at a relatively high

vacuum, at about 100 mm Hg during sampling. So the PAHs which condensed inside the
condenser evaporated again and proceeds into the Tenax and filters trap of the sampling
line (Figure 4). The PAHs were distributed randomly in the sampling materials. The
filters seem to trap more of the larger PAHs than did the Tenax. This result may be due
to the trap having a sandwich arrangement. The Teflon filter was put before Tenax. So,
PAHs were first trapped by the Teflon filter. When the smaller PAHs, which have lower
boiling points, escaped from Teflon filter, they were trapped by Tenax. Thus, Tenax
traps more different types and smaller PAHs than the filters.
The combination of filters and Tenax in the sampling line can trap most PAHs
from the flue gas efficiently. Further discussions about the distribution of PAHs trapped
by the sampling materials will be discussed in Section D of this Chapter.

C. The Emissions of PAHs in the Flue Gas During Coal Combustion
1.

The Effect of Combustion Temperature on the Emissions of PAHs

Table 8 shows the combustion parameters for testing the temperature effects on
the emissions of PAHs in these two 1000-hour runs. Figure 6 shows the influence of the
combustion temperature on the emissions of PAHs. At relatively high stream flow (a
= 1.25), the amount of PAHs generated first decreases until 850°C is reached, and
then increases. This trend may be due to the fact that combustion efficiency increases as
the temperature increases, resulting in less PAH emitted. The PAHs produced in this step
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Table 8. Combustion Parameters for Testing the Effect of Temperature on the Emissions
of PAHs.
Second Run

Third Run

Excess air ratio (a)

1.24

1.35

Static bed height (m)

0.74

0.69

Fluidizing velocity (m/s)

1.22

1.23

may be mainly due to incomplete combustion. Above 850°C, fragments of the mainly
aromatic matrix of the coal in the bed region are almost completely combusted. The fact
that the PAHs emissions increase above 850°C might be due to the critical combustion
temperature above 850°C. It has been found that the amount of char produced increased
at combustion temperatures above 850°C in a furnace study.34

A higher amount of

volatile organic compounds is also produced above 850°C. These materials may survive
in the combustion process and produce more PAHs. The synthesis reactions of PAHs are
endothermic reactions because the heat of formation (Hf) of all the 16 PAHs is positive as
shown in Table 6. The indication is that formation of PAHs is favorable at higher
temperatures.

There is another possibility that the PAHs may be synthesized in the

freeboard region at higher temperatures. The metals (Fe, Cu) in the particles may also act
as a catalyst for the synthesis reactions.
2. The Effect of Bed Height on the Emissions of PAHs
The combustion parameters for testing the effect of bed height on the emissions of
PAHs in these two 1000-hour runs are shown in Table 9. As the bed height increases in
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Figure 6. The effect of combustion temperature on the emissions of PAHs in the flue gas in an FBC system.
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Table 9. Combustion Parameters for Testing the Effect of Bed Height on the Emissions
of PAHs.
Second Run
Excess air ratio (a)
Temperature (°C)
Fluidizing velocity (m/s)

Third Run

1.24
808
1.21

1.28
809
1.22

the combustor (Figure 7), the total amount of PAHs emission tends to decrease in both
these two 1000-hour runs. The residence time of coal particles and volatile organics
inside the combustion zone is longer and the combustion efficiency is higher when the
combustion bed height is increased. The higher the combustion efficiency, the lower
amount of PAH emitted into the flue gas.
3. The Effect of Fluidizing Velocity on the Emissions of PAHs
The combustion parameters for testing the effect of fluidizing velocity of the
primary air on the emissions of PAHs in these two 1000-hour runs are shown in Table 10.
From Figure 8, one can observe that the amount of PAHs increases with the increase of
air flow rate. It means that the highest stream flow necessary to reach the highest oxygen
percentage could have a negative influence on the total PAHs emissions, possibly
because the fine coal particles and volatile organics are blown out of the bed region by
the fast air flow. Thus, the high air flow rate may cause more PAHs emissions because
the residence time is too short for the fine coal particles and volatile organics to be burnt
out. The PAHs produced in this condition is likely due to incomplete combustion.
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Figure 7. The effect of bed height on the emissions of PAHs in the flue gas in an FBC system.
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Table 10. Combustion Parameters for Testing the Effect of Fluidizing Velocity on the
Emissions of PAHs.
Second Run
Bed height (m)
Temperature (°C)
Excess air ratio (a)

Third Run

0.67
890
1.31

0.68
821
1.36

4. The Effect of Excess Air Ratio on the Emissions of PAHs
The combustion parameters for testing the effect of excess air ratio on the
emissions of PAHs in these two 1000-hour runs are shown in Table 11. Figure 9 shows
the PAHs emissions when the excess air ratio varies and the temperature, combustion bed
height, and fluidizing velocity of the primary air are kept constant. There is a dramatic
increase in PAHs in low excess air ratios or in poor oxygen atmospheres.

The

combustion efficiency is increased by increasing the excess air ratio in the combustor,
so, less PAHs appears in the flue gas. When the excess air ratio is more than 1.35, the
amount of PAHs in the flue gas shows no significant change on increasing the ratio. The
indication is that the oxygen concentration is almost zero order for combustion reactions
at high excess air ratio.
5. The Effect of the Ratio of Secondary to Primary Air on the emissions of PAHs
The combustion parameters for testing the effect of the ratio of secondary to
primary air on the emissions of PAHs in these two 1000-hour runs are shown in Table 12.
The secondary air was injected into the combustor above the combustion bed, while the
primary air was forced into the combustor below the bed. Figure 10 shows that as the

4
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Figure 8. The effect of fluidizing velocity on the emissions of PAHs in the flue gas in an FBC system.
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Table 11. Combustion Parameters for Testing the Effect of Excess Air Ratio on the
Emissions of PAHs.
Second Run
Bed height (m)
Temperature (°C)
Fluidizing velocity (m/s)

0.68
797
1.20

Third Run
0.71
807
1.21

Table 12. Combustion Parameters for Testing the Effect of the Ratio of Secondary to
Primary Air on the Emissions of PAHs.
Second Run
Bed height (m)
Temperature (°C)
Fluidizing velocity (m/s)

0.69
795
1.06

Third Run
0.67
821
1.49
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Figure 9. The effect of excess air ratio on the emissions of PAHs in the flue gas in an FBC system
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Figure 10. The effect of the ratio of secondary air to primary air on the emissions of PAHs in the flue gas in an FBC system.
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ratio of secondary air to primary air is increased the amount of PAHs is decreased. This
result indicates that some of the PAHs emitted from the combustion bed will be burnt out
in the freeboard region, due to more oxygen injected into this area. In addition, the
secondary air was injected into the freeboard zone tangentially. The secondary air cycles
round in the freeboard zone of the combustor. The fine particles in the freeboard may be
forced down and have more residence time in the combustor. The total amount of air
(primary + secondary air) injected into the combustor was kept constant in all test
conditions. Thus, the air staging combustion technique may also have the advantage for
reducing the emissions of PAHs as well as NOx.

D. The Distribution of PAHs in the Sampling Materials
For better understanding of the results in section C and the formation of PAHs at
different conditions during coal combustion, it is necessary to discuss the distribution of
the PAHs trapped by the sampling materials. As discussed in section B of this chapter,
the sampling materials (Tenax and filters) can trap more than 90% of the total amount of
PAHs in the sampling line and the PAHs distributed randomly in the Tenax and filters.
This part is focused on the distribution of the total amount of PAHs in the Tenax and
filters. The PAHs is classified by their size, that is by the number of benzene rings. The
sixteen PAHs specified by US EPA are from two benzene rings to six benzene rings (2R
to 6R). The experimental conditions and samples used to obtain the following results
correspond to those used in section C of this Chapter.
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1. The Distribution of PAHs in the Sampling Materials at Different Temperatures
As shown in Figures 11 and 12, below 850°C, the major portion of the PAHs in
the Tenax and filters increased when the temperature is decreased.

This result may

indicate that more PAHs (4R- and 5R-PAHs) are produced at low temperatures because
of the low combustion efficiency (incomplete combustion).

Above 850°C, the total

amount of PAHs increases with an increase in temperature. The smaller PAHs (2R- and
3R-PAHs) is the major portion in the increased amounts. The increase of smaller PAHs
may be due to that the volatile organics are released quickly during pyrolysis and the
larger PAHs are also cracked into smaller PAHs quickly at high temperatures.

Thus,

larger PAHs (4R) are produced during incomplete combustion at lower temperatures.
The smaller PAHs (2R & 3R) are produced at higher temperatures.
2. The Distribution of PAHs in Filters and Tenax at Different Bed Heights
The distribution of PAHs in filters and Tenax at different bed heights is shown in
Figures 13 and 14. The portion of larger PAHs (4R) in the total amount of PAHs is
decreased when the bed height is increased for both coals. Again, the indication is that
the formation of larger PAHs is due to shorter residence time and lower combustion
temperature related to incomplete combustion.
3. The Distribution of PAH in filters and Tenax at Different Fluidizing Velocities
Figures 15 and 16 show the distribution of PAHs at different fluidizing velocities
in both runs. The portion of the smaller PAHs (2R + 3R) tends to increase with an
increase of fluidizing velocity. The solid and gas mix violately in the dense zone of the
combustor at higher fluidizing velocity. The larger PAHs may have increased chance to
breakdown into smaller ones. Thus, smaller PAHs may be more easily emitted.
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Figure 11. The distribution of PAHs in Tenax and filters at different temperatures in the second run.
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4. The Distribution of PAHs in Filters and Tenax at Different Excess Air Ratio
The same trend has been found for the distribution of PAHs at different excess air
ratios as shown in Figures 17 and 18. The portion of smaller PAHs (2R and 3R) in the
total amount of PAHs is increased when the excess air ratio is increased in both runs.
The higher portion of the larger PAHs was found when the lower excess air ratio was
used, such as a = 1.19 in the second run and a = 1.13 in the third run. This result is also
due to the incomplete combustion at low excess air ratios. When the excess air ratio
reaches 1.3, the ratio of larger to smaller PAHs is no significant change with the increase
of the excess air ratio. At relatively high excess air ratios (>1.30), the concentration of
oxygen may be almost zero order for combustion reactions.
5. The Distribution of PAHs in Filters and Tenax at Different Ratio of the
Secondary air to Primary air
As discussed in section C, number 5, the total amount of PAHs decreased with an
increase of the ratio of the secondary to primary air. The residence time of fly ash and
flue gas is longer when the secondary air is injected into the freeboard of the combustor
tangentially. The combustion efficiency is increased. From Figures 19 and 20, one can
clearly see that the portion of the larger PAHs (4R) is decreased significantly when the
ratio of secondary air to primary air is increased. This decrease may possibly be evidence
that larger PAHs are burnt out or decomposed into smaller PAHs with more secondary air
present in the freeboard zone.

A small amount of PAHs may also be produced by

synthesis reactions. The PAHs produced by the synthesis reactions may be due to the
longer residence time for PAHs in the freeboard zone.
In summary, the 2R-PAHs, 3R-PAHs and 4R-PAHs were the major components
that were trapped by Tenax and filters at different experimental conditions for both
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Figure 17. The distribution of PAHs in Tenax and filters at different excess air ratio in the second run.
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runs. More larger PAHs (4R) were produced when the combustion efficiency was low.
The amount of PAHs produced by synthesis reactions may increase when the temperature
is higher (>850°C) and the residence time of fly ash and flue gas is longer in the
freeboard of FBC combustor.

CHAPTER IV
CONCLUSIONS

Based on the data presented in this thesis, the following statements can be made:

The total amount of PAHs in the flue gas during coal combustion in an FBC
system is at the pg-ng/Btu level.

The formation of PAHs during FBC combustion is mainly due to incomplete
combustion. There are three possible mechanisms for the formations of PAHs:
breakdown reaction, condensation reaction and cyclization reaction.

Lesser amounts of PAHs in the flue gas will be produced under longer residence
time in the dense zone, lower air fluidizing velocities, more excess oxygen, and
staging combustion at a bed temperature of 850°C in an FBC system.
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